Introduction
Odorant receptors (ORs) are chemosensory GPCRs that are involved in the detection of a large number of odorants with varied chemical structures (Buck and Axel, 1991) . There are around ~1000 mouse OR genes and ~400 human OR genes spread throughout the genome (Godfrey et al., 2004; Malnic et al., 2004; Zhang and Firestein, 2002; Zozulya et al., 2001) . Expression of ORs is typically restricted to one major tissue, the olfactory epithelium, although expression in non-olfactory tissues has been increasingly reported (Feldmesser et al., 2006; Flegel et al., 2013) . In the olfactory epithelium, the expression of each OR gene is restricted to one out of a series of spatial zones (Miyamichi et al., 2005; Ressler et al., 1993; Vassar et al., 1993) . The OR genes are expressed in the olfactory sensory neurons, the major cell type in the olfactory epithelium. Each olfactory sensory neuron expresses a single OR gene in a monoallelical fashion (Chess et al., 1994; Malnic et al., 1999; Serizawa et al., 2000) . The OR expressed in a given olfactory neuron is not only responsible for detecting odorants that enter the nasal cavity, but it is also involved in axonal guidance to the brain (Barnea et al., 2004; Feinstein et al., 2004; Wang et al., 1998) . Axons of neurons expressing the same OR gene type converge in the same sites in the olfactory bulb of the brain where they form synapses with mitral cells in structures denominated glomeruli (Ressler et al., 1994; Vassar et al., 1994) . In this way, a topographical odorant map is formed in the olfactory bulb where each one of the 1000 OR genes is represented. Monogenic and monoallelic expression of the OR genes is therefore required for the formation of this spatial map and odorant discrimination by the olfactory system. In this minireview, we focus on the mechanisms underlying regulation of OR gene expression in mammalian olfactory neurons.
Monoallelic expression of OR genes
OR genes show random monoallelic expression; only one of the two homologous alleles of a given OR gene type, the maternal or paternal, is expressed (Chess et al., 1994; Ishii et al., 2001; Serizawa et al., 2000) . S phase than the homologous allele (Singh et al., 2003) . Consistent with this, asynchronous replication of OR genes has been observed in different cell types, such as embryonic fibroblasts, embryonic stem cells, and lymphocytes (Alexander et al., 2007; Chess et al., 1994; Singh et al., 2003) .
Studies have shown that the homologous alleles of random autosomal monoallelically expressed genes may show differential epigenetic marks, however, whether the homologous alleles of OR genes are differentially marked is still unclear. Curiously, the Polycomb Group gene Eed, which is required for H3 histone methylation on lysine 27 (leading to the formation of H3K27me3), is involved in OR gene asynchronous replication in embryonic stem cells (Alexander et al., 2007) . Eed and other Polycomb group subunits are developmentally regulated in the olfactory epithelium and predominantly expressed in neuronal progenitors (Tietjen et al., 2003) . Interestingly, while there is no evidence thus far from chromatin immunoprecipitation (ChIP) experiments that OR genes are marked with H3K27me3 (Magklara et al., 2011), it has recently been shown that this mark is present in genomic regions flanking OR gene enhancers (Markenscoff-Papadimitriou et al., 2014) . Whether the enhancers of the homologous OR alleles are asymmetrically labeled with H3K27me3 or other marks remains unknown.
Differential marking of the two homologous alleles, with one of the alleles being marked with permanent repressive heterochromatin marks, and the other one free of these marks and available for transcription, could explain monoallelic
expression of the OR genes ( Figure 1A ). Analysis of the position of individual OR genes in the nucleus of olfactory neurons has shown that the two homologous alleles of a given OR gene are frequently segregated to different compartments. While one of the alleles is closely associated with constitutive (stably inactive) heterochromatin blocks (marked with H3K9me3 and H4K20me3), the other one is located further away from these highly repressive blocks, and closer to facultative (reversible) heterochromatin blocks (marked with H3K27me3) or in euchromatin (marked with H3K4me3) (Armelin-Correa et al., 2014a; Armelin-Correa et al., 2014b) . Altogether, these results are consistent with a differential epigenetic marking of the OR homologous alleles ( Figure 1A ).
However, the finding that both homologous alleles of one given OR gene can be sequentially activated in the same olfactory neuron (denominated as 'OR gene switching') indicates that both alleles are transcriptionally competent, and argues against the presence of permanent repressive marks in the excluded allele (Shykind et al., 2004 Figure 1A . In these experiments, mice that have a tetracycline-dependent trans activator responsive promoter (tet o ) inserted at the transcriptional start site of the endogenous P2 OR gene were generated by gene targeting so that this modified OR gene can be subjected to conditional activation by tTa, a tetracycline controlled transcription factor that binds to the tet o and activates transcription. Olfactory neurons from mice that are homozygous for the tet-P2
modified gene would therefore be expected to show biallelic expression of the P2 OR gene. However, the vast majority of neurons transcribed only one of the two tet-P2 alleles, with biallelic expression observed in only ~3% of the neurons (Fleischmann et al., 2013) . Expression from both alleles was more frequently observed in younger olfactory neurons, consistent with previous findings that OR switching occurs in immature olfactory neurons (Shykind et al., 2004) and with the observation that OR gene transcription is more permissive in younger neurons than in mature neurons (Fleischmann et al., 2013) . These results indicate that one of the homologous alleles is more likely to be activated than the other is, and suggests that differential marking of alleles, yet to be determined, may exist.
Initiation of OR gene choice
Out of 1000 ( Figure 1A ) or 2000 ( Figure 1B ) available OR alleles, each olfactory neuron selects one type of OR gene to express, but the mechanisms involved in the initiation of OR gene choice are not completely understood.
The role played by cis-regulatory elements in OR monogenic expression has been largely exploited. Attempts to find specific DNA motifs in OR gene promoters have shown that they share common O/E-like and homeodomain-like binding sites (Clowney et al., 2011; Hoppe et al., 2006; Michaloski et al., 2006; Michaloski et al., 2011) . Even though these binding sites are required for normal OR gene expression, and indicate that transcription factors such as Lhx2, Emx2
and Olf-1/EBF are involved in OR gene transcription (Hirota et al., 2007; McIntyre et al., 2008; Rothman et al., 2005) , they do not explain the monogenic
expression of OR genes. It seems however that different combinations of O/E and homeodomain binding sites may increase the probability of an OR gene to be chosen (Vassalli et al., 2011) . There are OR enhancers that operate in cis and also contain homeodomain-binding sites (Bozza et al., 2009; Fuss et al., 2007; Khan et al., 2011; Nishizumi et al., 2007; Serizawa et al., 2000) . Proximity with an OR enhancer leads to increased probability of expression of an OR gene (Khan et al., 2011; Serizawa et al., 2003 periphery, whereas euchromatin is found in the nuclear interior.
Heterochromatin is tethered to the nuclear periphery through interaction with the lamin B receptor (LBR), a nuclear envelope protein that interacts with heterochromatin protein 1 (HP1) and binds to constitutive heterochromatin. 
Stabilization of OR gene choice
It is well known that stabilization of the expression of one chosen OR gene requires a feedback signal that is initiated once an intact OR gene is expressed Tian and Ma, 2008) . In this case, the neurons are eliminated through a mechanism that requires neuronal activity induced by sensory input and apoptosis. Alternatively, some of these neurons could escape cell death and achieve singular OR gene expression through PSR.
The mechanisms through which PSR works to suppress transcription of all but one OR genes are not understood. While UPR mediated stabilization of OR gene choice occurs before the onset of olfactory marker protein (OMP) expression (a marker for mature olfactory neuron), PSR occurs after OMP expression, when LSD1 is no longer expressed. These results indicate that in this case, different mechanisms that do not require down regulation of LSD1, and may or may not require UPR, must exist and must still be uncovered.
Conclusions
Odorant receptors belong to a large rhodopsin-like chemosensory GPCR family 
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